Introduction {#Sec8}
============

Interacting with other human beings is a basic element of daily life, yet not a trivial challenge. Many joint actions between adults are highly sophisticated, but are performed with apparent ease (Knoblich and Jordan [@CR18]; Sebanz et al. [@CR35]). Cooking a meal with friends, lifting a heavy bag together, or dancing with others are only a few of numerous examples for joint actions. In the early years of life, however, children still have difficulties coordinating their actions with those of others (Brownell et al. [@CR4]; Meyer et al. [@CR25]). The question arises as to which mechanisms underlie the development of joint action capabilities. For adults, it has been shown that a key factor for successful joint action is the involvement of the motor system of the brain. Motor-related brain activity is not only observed during execution of one's own actions but is also important for predicting and incorporating a partner's actions (see Bekkering et al. [@CR2], for a review). Recent findings by Kourtis and colleagues indicate that the motor system in adults is more strongly activated when they predict actions of a joint action partner as compared to those of an individual actor. For adults, being engaged in a joint action thus has an effect on the involvement of their own motor system when observing the actions of another person (Kourtis et al. [@CR21]). An interesting possibility to investigate the underlying neurocognitive mechanisms of action observation during joint action is to look at early stages of joint action in development. To date, it is unclear whether similar effects of motor system involvement can be observed when young children are engaged in a joint action. Therefore, the aim of the current study was to investigate young children's brain activity around the age that they begin to incorporate others' actions into their own action performance more successfully (cf. Meyer et al. [@CR25]). More specifically, we examined whether being engaged in a joint action modulates the involvement of young children's own motor system when observing the actions of another person, and if so, how this motor involvement is associated with their joint action performance.

Developmental changes in joint action performance have previously been studied at a behavioral level. Early forms of joint action---such as handing over a toy---can be observed already in infancy (Carpenter [@CR6]). However, infants' cooperation with adults often requires extensive scaffolding by the adult action partner (see e.g., Warneken and Tomasello [@CR43]). Despite infants' motivation to act jointly with another person (see Carpenter [@CR6], for a review), the nature of their cooperation attempts is still not entirely mutual. It is during the second and third year of life that joint actions with peers and adults become more reciprocal and sophisticated (Brownell et al. [@CR4]; Warneken et al. [@CR44]). By the end of their second year of life, young children can cooperate successfully in simple interactive games like letting a ball bounce on a little trampoline by holding and moving the frame of the trampoline jointly (Warneken et al. [@CR44]). Children aged 2 years and older reliably solve simple cooperation tasks with peers (Brownell and Carriger [@CR3]) and show improvement in monitoring their partner's actions and integrating them into their own action performance (Brownell et al. [@CR4]; Meyer et al. [@CR25]). By the age of three, children have been shown to coordinate their actions in a sequential button-pressing task as accurately with an adult partner as when acting on their own (Meyer et al. [@CR25]). At the same age, children reliably succeed in joint actions that involve complementary roles for the two action partners (Ashley and Tomasello [@CR1]), something which appears to be difficult for younger children (Hunnius et al. [@CR14]). In sum, the ability to successfully cooperate with others is a skill that develops gradually during early childhood.

From a neurocognitive perspective, successful joint actions require the brain to connect observed actions of others with their own motor system in order to adapt own actions accordingly. First developmental studies on action execution and action perception in young children reveal mechanisms of motor system involvement comparable to those found in adults (see e.g., Hari and Kujala [@CR13]; Rizzolatti and Craighero [@CR31], for adult studies): already during infancy, motor-related brain activity has been found for action execution as well as for the observation of another person's actions (Lepage and Théoret [@CR22]; Marshall et al. [@CR24]; Nyström [@CR27]; Shimada and Hiraki [@CR36]; Southgate et al. [@CR37]; van Elk et al. [@CR42]).

Motor involvement during one's own actions and during the observation of others' actions can be studied by measuring oscillatory activity in the EEG signal. In both children and adults, motor activation has been associated with a power reduction in the mu- and beta-frequency bands above motor areas (Caetano et al. [@CR5]; Hari and Kujala [@CR13]; Marshall et al. [@CR24]; Muthukumaraswamy and Johnson [@CR26]; van Elk et al. [@CR42]). A recent EEG study investigated 14-month-old infants' brain activity while they were pressing a button on their own or observing an adult doing the same (Marshall et al. [@CR24]). During both conditions, decreased power was found in the infant equivalent of the mu-frequency range over central electrode sites. This is in line with previous findings of reduction in mu-power during action execution and observation in adults (Caetano et al. [@CR5]; Muthukumaraswamy and Johnson [@CR26]; Pineda et al. [@CR30]). Moreover, the involvement of the motor system during action observation was shown to be modulated by children's action experience (van Elk et al. [@CR42]). More motor involvement indicated by less mu- and beta-power over motor areas was found during observation of an action that children had more experience with.

Until now, developmental brain imaging studies have focused on execution and observation of individual actions. However, how young children's brain activity is modulated in the context of real-time joint action is still unexplored. Previous research in adults reveals that the involvement in a joint action has an effect on the neurocognitive processes associated with the other person's actions (see Bekkering et al. [@CR2], for a review). For instance, monitoring a person's action in a cooperative context showed an early component of error-related brain activation that was absent when the other person acted in a competitive context (Koban et al. [@CR19]). In a recent set of experiments, Kourtis and colleagues (2010) investigated the involvement of the motor system when observing a joint action partner or an uninvolved actor. In one of their experiments, they created a social context in which two action partners were facing each other, while an individual actor was sitting next to them. In a Go/No-go paradigm, motor-related brain activity was assessed using EEG. A stronger decrease in beta-power and changes in motor-related potentials, which reflected stronger anticipatory motor activation, were found for one's own action partner than for the individual actor (Kourtis et al. [@CR21]). Hence, the mere involvement in a joint activity with another person modulated the observer's motor activation when observing the partner's actions as compared to observing the actions of a person not involved in the joint action. As indicated by previous research, the involvement of one's own motor system plays a crucial role in understanding and predicting others' actions (see Sebanz and Knoblich [@CR34], for a review). When acting jointly, it is especially important to be able to understand and predict the other person's actions so that it is possible to constantly adjust one's own actions to those of the partner. Therefore, the activation of the motor system, which is thought to support action understanding and action prediction (de Lange et al. [@CR8]; Iacoboni et al. [@CR15]; Rizzolatti and Sinigaglia [@CR32]; Southgate et al. [@CR37]), is of special relevance in joint actions. Still, little is known about the role of the motor system in early joint action development.

The current study is the first to investigate motor involvement in young children who are engaged in a joint action with another person. In particular, we were interested in whether motor-related brain activity while observing another person's actions is modulated by being involved in a common joint action. Furthermore, the aim of this study was to shed light on the link between the activation of young children's motor system during action observation and their joint action performance.

In order to investigate young children's motor involvement in joint action, we simultaneously assessed 3-year-olds' brain activity and their performance in a joint action task. The experimental setup consisted of a simple computerized button-pressing game in which a cartoon figure had to be moved up a ladder by pushing two buttons alternately (cf. Meyer et al. [@CR25]). The game was played in different conditions that varied the children's involvement in the joint action. In the *joint action condition*, children were playing together with an adult partner, taking turns to push the two buttons. In the *joint action observation* condition, the children watched the same adult play the game together with a third adult actor. To determine modulations in the child's motor system activation, we compared children's brain response during their partner's actions in the two conditions. Finally, we correlated the outcome of the EEG analysis with children's joint action performance to examine the relation between their motor system involvement for the partner's actions and their own action performance.

Method {#Sec1}
======

Participants {#Sec2}
------------

The final sample consisted of seven 3-year-old children (5 boys) with a mean age of 36.7 months (SD = .99). They were recruited from a database of families willing to participate in child studies. We tested another 29 children who were not included in the final sample. Seventeen of these 29 participants were excluded due to lack of or bad EEG recording traces resulting from insufficient time (i.e., limited by the little participants' patience) to lower impedances in the preparation phase. Another twelve participants were excluded, either due to a lack of at least 8 movement- and artifact-free trials per condition (*n* = 10) or due to experimental errors (*n* = 2). The high dropout rate in the current experiment is consistent with other developmental studies assessing electrophysiological recordings (cf. Jeschonek et al. [@CR16]; Leppänen et al. [@CR23]; Southgate et al. [@CR37]).

Procedure {#Sec3}
---------

During a sequential joint action game, we recorded brain activity and performance accuracy of the 3-year-old children. Figure [1](#Fig1){ref-type="fig"} illustrates the experimental setup that consisted of a simple computerized button-pressing game proved to be suitable for children of this age in a previous study (Meyer et al. [@CR25]). In this game, a cartoon figure of a frog could be moved up a ladder by alternately pushing two buttons. As can be seen in Fig. [1](#Fig1){ref-type="fig"}, the visual stimuli were presented on a wide-screen that was tilted to increase the height of the presented ladder and thereby the number of steps required to reach the top. In total, the ladder consisted of 42 steps that were shown on the screen. At the top of the ladder, there was a target location for the frog represented by a cartoon figure of a pig, the frog's friend on a cloud. In front of the screen, we placed two custom-made buttons to control the game and a board with the contours of two hands indicating starting and resting positions of the hands. The two buttons were interconnected via a tilt mechanism such that pushing one button down caused the other button to move up. The button presses moved the frog up the ladder. More precisely, a right button press triggered the frog to move up using its right leg and pressing the left button moved up the left leg of the frog, so that alternating left--right button presses were necessary to move the frog up. Pushing the same button more than once would not move up the frog. Button presses also elicited a short beep tone (60 ms duration) in order to keep the child's interest and attention. With each button press, EEG markers were sent such that button presses could be traced back in the EEG recordings. The computer game was implemented using Presentation (Neurobehavioral Systems, USA).Fig. 1The experimental setup of the joint button-pressing game. In front of a tilted wide-screen, we positioned two chess-clock buttons and resting positions marked by hand contours. By pressing the two buttons alternately, a cartoon figure could be moved up a ladder on the screen

Each participant was involved in three different conditions of the game: a *joint action condition*, a *joint action observation condition,* and an *individual action condition*. The focus of this paper is on children's motor-related brain activity during action observation with respect to joint actions. We were interested in whether the motor system of the 3-year-olds was activated more strongly while observing others' actions when involved in a joint action as compared to watching two people acting jointly without being involved. The same person acted both as the child's joint action partner and together with a third actor in the joint action observation condition. In the current study, we concentrate on the results of the joint action and the joint action observation condition.[1](#Fn1){ref-type="fn"}

In the joint action condition, we instructed the children to push the right button with their right hand in turns with their adult action partner (Actor1) who pushed the left button with her left hand. More specifically, the button-pressing action was supposed to start with the hand on the resting position, which was marked by drawings of hand contours on a board in front of the buttons (see Fig. [1](#Fig1){ref-type="fig"}). Starting from this position, the action was executed by pushing the respective button and ended when the hand was placed back on the resting position. We thereby aimed to prevent children from leaving their hands on the button throughout the joint play and introduced a standardized action pattern that was comparable across conditions. During the measurement, the children sat on their parent's lap on a chair to the right of Actor1.

In the joint action observation condition, the children watched two adults (Actor1 and Actor2) playing the same game together. While Actor1 and Actor2 were playing jointly, Actor2 sat between the child and Actor1 such that the child would have to move only minimally to the right. For all children, the same first experimenter (Actor1) acted as their joint action partner. The children were not explicitly instructed where to look during the game, but in subsequent steps, only data of trials were included during which children looked at the experimenter, the buttons, or the screen (see EEG data analysis section). Video recordings of the entire measurement session were made and aligned with the experimental events on the screen, and children's EEG and button presses were recorded.

For demonstration purposes, the joint action observation condition always preceded the joint action condition. Depending on the attention span of the children, we additionally included another run of the joint action observation condition after the joint action condition. Six out of the seven participants therefore watched Actor1 and Actor2 play both before and after they played together with Actor1. Before pooling together the data of the observation condition from the two time points, we tested for order effects. To make sure that children's motor activation did not differ significantly between the two time points, we compared activity during action observation of Actor1's button press (*t* = −450 to 0 ms). Since no differences in mu- and beta-power were found between data collected before and after the children had played themselves (for details, see EEG data analysis), the data of the joint action observation condition were subsequently pooled.

EEG recordings {#Sec4}
--------------

Electrophysiological recordings were conducted using child-sized EEG caps with 30 electrode sites on the scalp. The Ag/AgCl active electrodes were placed in an actiCap (Brain Products, Munich), arranged in the 10--20 system, and referenced to electrode FCz over the central midline. The signal was amplified using a 32-channel BrainAmp DC EEG amplifier, band-pass filtered (.1--125 Hz), and digitized at 500 Hz. We strived to keep all impedances below 60 kΩ.

EEG data analysis {#Sec5}
-----------------

We analyzed the data using FieldTrip, an open source Matlab (version 7.0, TheMathWorks, Inc.) toolbox developed at the Donders Institute for Brain, Cognition and Behaviour (<http://www.ru.nl/neuroimaging/fieldtrip>). The EEG data were locked to the button press of the first experimenter (Actor1) and determined 450 ms before and 450 ms after the button was pressed. During this time, the children were observing Actor1's actions and the effect on the screen when Actor1 was either their joint action partner (*joint action condition*) or the joint action partner of Actor2 (*joint action observation condition*). By including exclusively data from Actor1, we kept the comparison between the two conditions constant. To examine the involvement of the motor system in these two conditions, we focused on electrodes C3 and C4 over motor cortices. As mentioned in the introduction, power decrease in the mu(7--11 Hz)- and beta(17--21 Hz)-frequency range over motor areas is associated with motor activation (cf. Hari [@CR12]) and thus is the focus of the current analysis. On the basis of the video recordings of the measurement session, trials were rejected if children moved their hands or did not pay attention to the game (i.e., when they looked at neither the experimenter, nor the buttons, nor the screen) during the critical period of the experimenter's action (i.e., the hand movement toward the button). Since it was an interactive game in which we relied on children's spontaneous behavior, many trials had to be excluded due to children moving during the window of interest (*t* = −450 to 0 ms). Participants with less than 8 trials per condition were excluded from the analyses (see "[Participants](#Sec2){ref-type="sec"}"). We visually inspected the remaining trials to exclude EEG artifacts (such as noisy channels or eye blinks). As a result, on average, 15 trials remained for the joint action condition (range 8--36) and 35 trials for the joint action observation condition (range 18--60).

A DFT filter[2](#Fn2){ref-type="fn"} was used to remove line noise from the data, and for each trial, we took out the offset by subtracting the mean signal of the entire trial. We then calculated time-resolved spectral power estimates using the Fourier transform in combination with a Hanning taper. For this, we used a 300-ms sliding time window that was advanced in steps of 50 ms. Power estimates were calculated for frequencies between 5 and 30 Hz. This resulted in time--frequency representations (TFRs) of the EEG data. We obtained separate TFRs for the joint action condition and the joint action observation condition. To contrast children's brain response in these two conditions, we computed the normalized difference per time--frequency sample between the two conditions (\[TFR Actor1 as joint partner---TFR Actor1 as partner of Actor2\]/\[TFR Actor1 as joint partner + TFR Actor1 as partner of Actor2\]) (cf. van Ede et al. [@CR40]). This normalized difference is illustrated in Fig. [2](#Fig2){ref-type="fig"}. The EEG data were locked to the button press of Actor1, which is denoted as zero. Hence, children observed Actor1 moving her hand toward the button from about −450 ms to 0. At zero, the button press of Actor1 made the frog on the screen move upward. In the period of 0--450 ms, children were preparing to press the button themselves in the joint action condition, while it was Actor2's turn in the joint action observation condition. At the same time, Actor1 was placing her hand back on the resting position in front of the button.Fig. 2**a** Time-resolved normalized difference in power at electrode site C3. Power differences represent the contrast between the observation of Actor1's actions when children were involved in the joint action and when they were not involved. At time 0, Actor1 pushed the button that moved up a cartoon figure on the screen. Before time 0, Actor1 moved her hand toward the button. After time 0, Actor1 moved her hand back to the resting position, while it is the child's next turn in the *joint action condition* and Actor2's next turn in the *joint action observation condition*. *White boxes* indicate the time--frequency windows of the effects for which we evaluated the correlation with joint action performance and the topography (see "[Methods](#Sec1){ref-type="sec"}" and "[Results](#Sec6){ref-type="sec"}"). **b** Correlation between the individual beta-power difference and the percentage of errors children made during the joint game. Each data point represents one child. **c** Topography of the normalized beta-power difference, including the data points marked by the white box. Power differences are displayed on seven electrodes (only electrodes were used that were sufficiently noise-free for all seven children)

In the statistical evaluation of the electrophysiological data, we determined whether power estimates during observation of the goal-directed action of Actor1 differed significantly between conditions. Therefore, we restricted our analyses to a priori defined time--frequency windows. We used the window of 450 ms prior to the button press until the button press (*t* = −450 to 0 ms) and the frequency bands of 7--11 Hz (mu) and 17--21 Hz (beta). Values obtained from the TFR analysis (Fig. [2](#Fig2){ref-type="fig"}) were then averaged over the respective frequency range and time window. By means of one-sample *t* tests, we examined whether these time--frequency averages were significantly different from zero. Analogous to this analysis, we evaluated the data of the joint action observation condition collected before and after the joint action condition (with *t* = −450 to 0 ms; mu: 7−11 Hz; beta: 17−21 Hz).

Due to the relatively small sample size of 7 participants, it might be argued that effects in the mu- and beta-power could be driven by extreme outliers. To exclude this possibility and to provide an overview of the strength of the observed effect in both mu- and beta-power, we ran complementary analyses on an individual participant level. For this purpose, we estimated the power in the mu- and beta-frequency ranges as described earlier for each individual trial per condition and participant. To determine the average power in the two conditions for each participant, we averaged power estimates of mu-power of all trials per participant over the time window of −450 to 0 ms. Using the same approach, we obtained average power values in the beta-frequency range for the two conditions per child. Subsequently, we evaluated the difference in power between the two conditions (separately for mu- and beta-power) on an individual participant basis using independent-sample *t* tests with trials as units of observation.

Additionally to the general power difference on a group and individual level, we were interested in how time-locked these differences were to the actions of the joint action partner. In other words, we examined whether an increase in motor activation (reflected by less power in the mu- and beta-band) was specifically locked to Actor1's actions or rather reflected a general activation of the children's motor system. To test this, we compared the normalized difference in the mu- and beta-frequency range for the two conditions before and after Actor1 pressed the button. If the children's motor system was generally more activated in the joint action condition, we would expect no difference between these two time periods of Actor1's action. However, if the motor activation was time-locked to the actions of children's joint partner, we would expect the power differences to be different before and after Actor1's button press. Therefore, we also calculated the average normalized difference of mu-and beta-power for the time period after Actor1's button press (*t* = 0--450 ms). To evaluate the statistical difference between the two time periods, we used paired-sample *t* tests with time period (before vs. after Actor1's button press) as an independent factor, one for testing differences in the mu- and one for differences in the beta-frequency range.

To further evaluate the relation of mu- and beta-power during observation of joint action with regard to children's own joint action performance, we correlated the EEG results with the behavioral button press data. On the basis of the significant power differences between conditions, we chose representative time--frequency windows (see white boxes in Fig. [2](#Fig2){ref-type="fig"}). We selected the depicted time--frequency windows because they represent strongest continuous effect windows time-locked to the button press of Actor1. The normalized difference in power of the respective frequency and time was then averaged to obtain a representative effect value. We subsequently correlated those effect values with the percentage of errors children made when acting jointly. The percentage of errors indicates how often the 3-year-olds pushed their button when it was not their turn. The percentage was computed as number of incorrect button presses of the child (i.e., button presses when it was Actor1's turn to press) divided by the total number of times the child pushed the button when playing the joint game. We used a Pearson correlation across participants to test the relation between the effect value of each specified window (see white boxes in Fig. [2](#Fig2){ref-type="fig"}) and the percentage of errors.

Results {#Sec6}
=======

To examine whether young children's involvement in joint action modulates their motor activation for others' actions, we focused the EEG analysis on power differences in frequency bands (mu: 7−11 Hz, beta: 17−21 Hz) and electrode sites (C3, C4) associated with motor activation in the brain (cf. Pfurtscheller and Lopes da Silva [@CR28]). We were mainly interested in the contrast between children's brain activity while observing the actions of their joint action partner (*joint action condition*) and of the same person acting as the joint action partner of a third person (*joint action observation condition*).

Figure [2](#Fig2){ref-type="fig"} illustrates the difference in activity when children were observing Actor1 acting as their own joint action partner and as the joint action partner of another person (Actor2). More specifically, the figure shows the normalized difference in power estimated for frequencies 5−30 Hz at electrode C3. Since results for electrode C4 did not show any significant difference in either of the frequency bands for the two conditions, the subsequent results only include data of electrode C3 (see topography in Fig. [2](#Fig2){ref-type="fig"}). Furthermore, there was no significant effect of order of conditions found. Data of the joint action observation condition obtained before and after the joint action condition did not differ significantly (all *P* \> .05). Therefore, further reported results include pooled data of the joint action condition. Cold colors in the TFR of Fig. [2](#Fig2){ref-type="fig"} represent less power for observing Actor1 as their own joint action partner, whereas warm colors represent more power for observing Actor1 as their joint action partner. As can be seen in Fig. [2](#Fig2){ref-type="fig"}, the difference between the conditions is most pronounced in two frequency bands, namely around 10 Hz and around 18 Hz. In both bands, there is less power when children are observing their own joint action partner than when observing Actor1 playing together with a third person (Actor2). Previous studies have associated less power in these frequency ranges with more motor activation (cf. Pfurtscheller and Lopes da Silva [@CR28]). Consequently, the current findings of decreased power indicate more motor involvement in the joint action condition compared with the joint action observation condition.

For statistical evaluation, we analyzed the power differences in the time before the button was pushed down. In both the mu- and the beta-frequency range, the normalized difference was significantly different from zero (mu, *t*(6) = −3.49, *P* = .013, *r* = .81; beta, *t*(6) = −5.06, *P* = .002, *r* = .90). This indicates that the 3-year-olds showed significantly more motor involvement when observing their own joint partner acting compared with observing the same person in joint action with another person.

Subsequently, we investigated these effects on the basis of each individual participant. Figure [3](#Fig3){ref-type="fig"}a and b show the resulting average power for each participant separately for the two conditions (joint action observation condition: represented in blue; joint action condition: represented in green). Individual results in the mu-frequency range are represented in Fig. [3](#Fig3){ref-type="fig"}a. The same data pattern, namely lower average power for the joint action condition compared with the joint action observation condition, can be seen in six out of seven participants. Using single-subject statistics, this tendency in mu-power differences reaches significance in two participants (Participant 1: *t*(35.976) = 2.39, *P* = .000, *r* = .37; Participant 2: *t*(55) = 2.07, *P* = .043, *r* = .26). Figure [3](#Fig3){ref-type="fig"}b illustrates individual data for the beta-frequency range. Generally, all participants show the same data pattern as in the grand average. All seven participants exhibit the tendency of more attenuated power when observing Actor1 in the joint action condition than in the joint action observation condition, and this difference reaches significance in three out of seven participants using single-subject statistics (Participant 2: *t*(52.525) = 3.29, *P* = .002, *r* = .41; Participant 4: *t*(52.592) = 3.55, *P* = .001, *r* = .43; and Participant 6: *t*(24) = 2.12, *P* = .044, *r* = .39).Fig. 3Power averaged over the time window of −450 to 0 ms in the **a** mu(7−11 Hz)- and **b** beta(17−21 Hz)-frequency range displayed as a function of condition (joint action observation; joint action) on an individual participant level. Vertical *black lines* represent standard errors of the means

Shifting the focus of the analysis back to the grand average, Fig. [2](#Fig2){ref-type="fig"} shows that the enhanced motor activation in the mu-frequency range seems to be persistent throughout the entire time window (900 ms), whereas the beta-band effect appears to occur time-locked to Actor1's button press. We tested the time-specificity of the effect by comparing the time period of reaching toward the button (*t* = −450 to 0 ms) with a time period of the same duration after the button had been pressed (*t* = 0--450 ms). Comparing the two time periods within the mu-frequency range did not show significant differences between the two time windows of observation in the grand average, *t*(6) = .35, *P* = .737, *r* = .14. In contrast to this, the beta-power difference was more pronounced during the goal-directed action of Actor1 than after Actor1 had pressed the button, *t*(6) = −3.52, *P* = .013, *r* = .82. Thus, while activity in the beta-frequency range appears to be related specifically to the timing of the joint action partner's button press, the effect in the mu-range might be indicative of a general involvement of motor activation throughout the joint play compared with the mere observation of two people playing.

Finally, we examined the relationship between the mu- and beta-effects and children's joint action performance. To determine whether the enhanced motor activation in the two bands was related to how well children acted together with Actor1, we correlated the effects in the frequency bands with children's performance during joint play. For this purpose, the percentage of errors served as an indicator of performance quality. On average, the children pushed their own button about 10% of the times during the joint play (range 0--30.6%) when it was actually the turn of Actor1. Based on the TFR effects (i.e., the difference between observing Actor1 in the joint action condition and the joint action observation condition) illustrated in Fig. [2](#Fig2){ref-type="fig"}, we selected time--frequency windows that represent the strongest difference time-locked to Actor1's button press. Results revealed a significant correlation between the effect in the beta-frequency range and the percentage of errors in children's joint action performance, *r* = .83, *P* = .021. No significant correlation was found between the effect in the mu-frequency range and performance, *r* = −.465, *P* \> .5.

Discussion {#Sec7}
==========

The present study is one of the first to explore the role of the motor system in young children's involvement in a naturalistic joint action. As hypothesized, involvement in joint action modulated activity in the motor system of 3-year-old children when observing the actions of another person. The results of the EEG analysis show significantly less power in the mu(7−11 Hz)- and beta(17−21 Hz)-frequency range over motor areas when children observed actions of their own joint action partner as compared to when they observed the actions of the same person playing with someone else. Since power decrease in these frequency bands is acknowledged to be associated with activation of the motor system, the current findings indicate enhanced motor system activation during action observation when the 3-year-old children were involved in the joint action. This data pattern was consistently observed over individual participants in both the mu- and beta-frequency range.

Moreover, the power decrease in the beta-frequency range appears to be time-locked to the action of children's joint action partner. After the button press of the joint action partner, power differences in this frequency band vanished. In contrast, power differences in the mu-band continued even when the partner moved her hand away from the button after having pushed it. To address possible relations between motor system involvement of the children and their joint action performance, we correlated the effects in both frequency bands with children's performance accuracy. The effect in the beta-frequency range correlated significantly with the percentage of errors children made during the joint action. This points to a negative relation between children's motor system involvement when observing their partner's actions and the amount of errors they made during the joint action: the less the child's motor system was activated during observation of their joint action partner, the more errors (i.e., erroneous button presses) the child performed. The effect in the mu-frequency range, however, turned out to be not significantly correlated to the children's joint action performance.

In general, motor activation during action observation is thought to facilitate the understanding and prediction of others' actions (Cattaneo et al. [@CR7]; de Lange et al. [@CR8]; Iacoboni et al. [@CR15]; Rizzolatti and Sinigaglia [@CR32]; Southgate et al. [@CR37]; Stapel et al. [@CR39]). During joint actions, it is particularly important to predict the timing and type of action to be performed by the action partner. Anticipating what our joint action partner will do next facilitates our coordination with the other person and allows for a successful interaction (see Sebanz and Knoblich [@CR34], for a review).

The current findings of enhanced motor activation for observing the own partner's actions as well as the correlation between motor system involvement and children's joint action performance might reflect children's predictive processing. However, it should be mentioned that the final sample size of the current experiment is rather small such that future research would be needed to further establish the observed effects. Further research is also required to make causal inferences on the function of the motor system for children's prediction of their partner's actions.

Given children's motor system involvement and its link to joint action performance, the question arises of how exactly the motor system is involved in joint actions. Does the motor activation reflect a precise spatial and temporal simulation of the other's actions? With respect to the topography, enhancement in the motor system was found in an electrode over the left hemisphere (C3) while children were observing left-hand movements. In adults, activation of left motor areas is associated with performance of right-side movements (cf. Pfurtscheller and Lopes da Silva [@CR28]). Based on the topography of the effect, it therefore seems unlikely that the children simulated the actions of their partner on an effector level, which is in line with results of an action observation study with adults using MEG (Kilner et al. [@CR17]). One might speculate that---while observing the action partner---the motor system of the 3-year-olds represented actions of the right hand, which was also the effector they needed for their own actions. All in all, however, the spatial resolution of the current findings is not sufficient to answer this question properly and further research is required to allow conclusive interpretations. Although the extent to which spatial aspects of the other's actions are integrated in children's motor system remains speculative, the findings show a clear integration of the action partner's timing as indicated by beta-power modulation. Integrating temporal information about the partner's actions into one's own motor system points thereby to a certain purpose enhanced motor system involvement might serve, namely facilitating action prediction in joint actions.

There may be various reasons why we found different patterns of effects for mu- compared with beta-power. One explanation for finding beta to be more time-locked to the partner's actions might simply be the nature of beta, which is a faster rhythm than mu. Oscillations in a higher frequency range might be more effective and flexible in adapting to events for instance by recovering faster (Pineda [@CR29]). In fact, a recent study by van Ede and colleagues showed that modulations of beta-oscillations during somatosensory anticipation were deployed with more temporal specificity than mu-oscillations (van Ede et al. [@CR41]). The continuous suppression of mu-power throughout the action partner's turn might reflect a general activation of the motor system bridging the time that it is not the child's turn by keeping their motor system alert. Alternative explanations might refer to differences in the function of these two rhythms as indicated by previous research. Modulations in these frequency bands might be related to the type of action or the context in which actions are performed. While beta-power during action execution and observation in adults has been shown to be modulated by the correctness of actions (Koelewijn et al. [@CR20]), in 12-month-old infants mu-suppression has been reported to differ depending on whether the infants were observing ordinary or extraordinary actions (Stapel et al. [@CR39]). More importantly, in adults, anticipatory suppression of the beta- but not mu-power was found to be stronger when observing actions of a partner than when observing actions of an individual actor (Kourtis et al. [@CR21]). In accordance with this, our findings point to different modulations of mu- and beta-frequency range activity with regard to observing others' actions depending on whether one is involved in a joint action game or merely observing others playing jointly.

We have interpreted decreased power in the mu- and beta-frequency band as reflecting the activation of motor-related areas. However, the precise neural origin of modulations in the mu- and beta-frequency bands remains a matter of debate with some evidence suggesting origins in primary motor and premotor areas, whereas others suggest more posterior (e.g., somatosensory) areas (Caetano et al. [@CR5]; Pineda [@CR29]; Salmelin and Hari [@CR33]; Stancak and Pfurtscheller [@CR38]; van Ede et al. [@CR40]; Witham and Baker [@CR45]). Although the precise neural sources of decrease in mu- and beta-power in the scalp-recorded EEG remain to be determined, studies in both children and adults consistently show that the execution and observation of actions is accompanied by power decreases in the mu- and beta-frequency bands (Caetano et al. [@CR5]; Hari and Kujala [@CR13]; Marshall et al. [@CR24]; Muthukumaraswamy and Johnson [@CR26]; Nyström [@CR27]; van Elk et al. [@CR42]). In line with these findings, the present study clearly shows that the observation of an action resulted in a decrease in mu- and beta-power, which was stronger when the 3-year-olds were engaged in joint action with the observed person as compared to when they were not.

Being engaged in a joint action appears to result in stronger motor involvement during observation of others' actions. What exactly makes a joint action situation so different from merely observing two people act together? Which factors might play a role in eliciting stronger motor involvement for others' actions when involved in a joint action? It can be speculated that motivational and attentional factors play a role here. Being involved in a joint action implies that the actions of the partner gain relevance for one's own subsequent actions. In line with this, previous research has shown that different aspects of social relevance in the relation between actor and observer, such as the identity of the actor or eye contact between actor and observer, modulate motor activation during action observation (see Frith and Frith [@CR9], for a review). Developmental research has shown that 3-year-olds, but not younger children, monitor their peer's actions in a selective manner (see Gauvain [@CR10], for a review). More precisely, 3-year-olds direct their attention to their peer's attempts to solve a task, while children below the age of three pay social attention in general to their peers without a special focus on their task-solving activities (see Gauvain [@CR10], for a review). An increased attentional focus on other's task performance might thus have elicited enhanced motor involvement during the joint action. However, the extent to which attentional and motivational factors contribute to the modulation in children's motor involvement when acting jointly remains to be clarified. Moreover, in joint action, different aspects of an observed action (such as the timing) might serve as relevant cues for adapting their own action. The question arises whether in an individual action context similar nonsocial cues would subserve the same purpose and result in the same neural response. Since this question cannot be answered by the current experimental design, further investigations contrasting social and nonsocial situations are needed.

How do the current findings of 3-year-olds' brain activity relate to the development of young children's joint action performance? A recent developmental study by Gräfenhain and colleagues revealed that it is around the same age that children understand the obligations and commitments they have toward a joint action partner (Gräfenhain et al. [@CR11]). At this age, children were also found to interact successfully when the joint action requires more complex interactions of the action partners (Ashley and Tomasello [@CR1]). This indicates changes in children's responsiveness to the joint action partner occurring around the age of 3 years.

We have previously investigated 3-year-olds' joint action coordination in a behavioral study with a comparable joint task as used in the current experiment (Meyer et al. [@CR25]). In this behavioral study, we found that 3-year-old children made less errors when acting with an adult action partner than two-and-a-half-year-olds, while both age groups performed on a similar level when playing bimanually on their own (Meyer et al. [@CR25]). Assessing children's brain activity during a similar task and at the age when children begin to establish well-coordinated joint actions revealed that their motor system involvement during action observation was related to their joint action performance. More activation in the motor system during action observation was thereby associated with fewer errors when playing jointly. This suggests that involvement of the motor system in observing the joint action partner might play a crucial role for the development of successful joint action performance.

Together, the results show an enhanced motor activation as indicated by decreased mu- and beta-power during action observation when the 3-year-olds were involved in a joint action game with the observed actor. While power differences in the beta-range show time-locked motor activation for the partner's actions, differences in mu-power rather indicate a more general involvement of the motor system in a joint action task. Furthermore, the results show that the stronger the time-locked effect in beta-power, the fewer errors children made when acting jointly. This study is one of the first to investigate the neurocognitive mechanisms underlying joint action in young children. The present findings suggest that already in early childhood, others' actions are integrated differentially in the motor system depending on whether or not children are engaged in a joint action. This context-specific involvement of the motor system might have important consequences for developing success in joint action.

We thank the children and parents for participating in this study. Moreover, we would like to thank our laboratory managers Angela Khadar and Margret van Beuningen as well as our research assistants Evelien Akker, Yvonne Maas, and Manuela Beeren. We also wish to acknowledge the technical support from Gerard van Oijen, Norbert Hermesdorf, and Pascal de Water. This research was supported by NWO-VICI grant (453-05-001) to Harold Bekkering.

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.

In the individual condition, children played the game alone pushing one of the buttons. The other button moved down automatically as it had a weight placed on it. This condition was originally meant as comparison for the joint action condition. Unfortunately, it turned out to be contaminated by a deviant movement pattern of the children elicited by the additional weight that required more force during the button press. We therefore had to omit this condition from the analysis.

A DFT (discrete Fourier transform) filter takes out noise in the 50, 100, and 150 Hz range, which is associated with for instance electric noise coming from light sources.
